_} These slides/notes represent only part of the course, and were 
accompanied by face-to-face explanations on white-board and 
additional topics / learning materials. 


LJ In preparation of these slides | have also benefited from various 
books and online material. 


LJ Some of the slides contain animations which may not be visible 
in pdf version. 


_} Corrections, comments, feedback may be sent to 
https://www.linkedin.com/in/naveedrazzaqbutt 





FE 202 
Electric Circuit Analysis 


with 
Dr. Naveed R. Butt 
@ 


Jouf University 


INtroductions ... 


e Me 
e You 
e The Course 


Important Business!! 


¢ 75% attendance is mandatory! 


¢ Textbooks & Notes 
¢ Electric Circuits, J. Nilsson and S. Riedel, 2014 


¢ Lecture notes are posted on Blackboard https://lms.ju.edu.sa/ 


¢ Contact 


¢ nbutt@ju.edu.sa 
° office: 1021 
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Weightage 


Learning Plan 


m@ Final @Mid1 @Mid2 WM Quizzez Project 


¢ Lectures 
¢ Help discover and grasp new concepts 

° Quizzes (six) 
¢ Help prepare/revise each week’s concepts 
¢ Keep you from lagging behind in course 


¢ Presentation 
¢ Helps learn independent work & presentation 
¢ Prepares for final year project 

¢ Exams (Mid-1, Mid-2, Final) 


¢ Help prepare entire course material 





EE 202 - Electric Circuit Analysis / Dr. Naveed R. Butt @ Jouf University ' 


Assessment Plan @ wi 


Course project 





Mid-Term 





Final 
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Course Ends 


In this course we will GISCUSS ... 


¢ Three-phase circuits and power calculations 
¢ Linear op-amp and op-amp circuits 


¢ Transient and steady-state response of the first-order and the second-order 
circuits 


¢ Laplace transform and solution of circuits in complex-frequency domain 

¢ Frequency response of passive circuits, transfer functions, poles and zeros, 
¢ Resonance networks, and filters 

¢ Two-Port networks 

¢ Mutually-coupled coils and the ideal transformer 


Course Learning Objectives (CLOs] 
a ee 


CLO 1 


CLO 2 


CLO 3 


CLO 4 


CLO 5 


Cognitive Skills 


Cognitive Skills 


Cognitive Skills 


Cognitive Skills 


Communication 


Calculate power factor corrections for basic electric 
circuits 


Calculate parameters related to balanced three phase 
circuits 


Calculate parameters related to transient behavior of 
first order circuit, and Laplace Transform. 


Analyze the operational amplifiers and two _ port 
networks 


Demonstrate the ability to research a topic related to 
electric circuits and formally present the results 
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HW, Quiz, Mid, 
Final 


HW, Quiz, Mid, 
Final 


HW, Quiz, Mid, 
Final 


HW, Final 


Project 
Presentation 


Questions’? Thoughts? 


- 


. 
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Flectric? Circuit? Analysis? 


¢ What are each of these three! 


¢ Electric? 
¢ What are the various fields? (electric, magnetic, gravitational...) 


¢ Where does the electric field exist? 
¢ Why is it so important to us now? (hint: electricity) 


¢ Circuit? 
¢ Latin circumire "go around, from circum "round" + ire "to go” 


¢ Also recall “circle” 
¢ Electric Circuit (electricity going around) 


Flectric? Circuit? Analysis? 


¢ What are each of these three! 


¢ Analysis 
¢ What does “analysis” mean? 


e "resolution of anything complex into simple elements” 
¢ ana "throughout" + lysis "a loosening" 


¢ Why do we do it? (hints: understand, design, utilize, plan, avoid) 


Circuits Everywhere 


Electrical circuits seem to be everywhere! 
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A Simple Circuit 
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Units and Prefixes 


¢ S| Base Units 
¢ SI prefixes for large and small quantities (“metric” system) 


system of Units 





The International System of Units, or systeme 
International des Unites (SI), also known as metric 
system uses / mutually Independent base units. All other 
units are derived units. 


Base quantity Name Symbol 
Sl base unit 


sod 
a 
ae 


di: Sate teaicod a tead eeaaeaatmienanauediapien iaaine pel ualatetetrteltt at naam 
cia met eee Mell ual 





hern ne Snarnng og ag 


amount of substance mole mol 
luminous intensity candela cd 


S| Base Units 
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Current and Voltage 


e Let’s talk about each 


Electric Current (Charges in Motion!) 





¢ Current: net flow of charge across any cross section of a 
conductor, measured in Amperes (Andre-Marie Ampere (1/75- 
1836), a French mathematician and physicist) 





¢ Current can be thought of as the rate of change of charge: 


d 1 = the current In amperes, 
= = q = the charge in coulombs, 
dt t = the time in seconds. 
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Electric Current 





In reality In metallic conductors current is due to the movement 
of electrons, however, we follow the universally accepted 
convention that current Is in the direction of positive charge 
movement. 





Battery 
Two ways of showing the same current: 





(a) (b) 
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Magnitude of Some Typical Currents 


Current in amperes (A) 


106 
104 
102 
10° 
10-2 
10-4 
10-6 
10-8 
10-10 
10°12 
10-14 





Lightning bolt 

Large industrial motor current 

Typical household appliance current 
Causes ventricular fibrillation in humans 


Human threshold of sensation 


Integrated circuit (IC) memory cell current 


Synaptic current (brain cell) 
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Voltage (Separation of Charge) 





Voltage (electromotive force, or potential) is the energy required 
to move a unit charge through a circuit element, and is 
measured in Volts (Alessandro Antonio Volta (1745-1827) an 
Italian Physicist). 


, dw 
dq” 





v = the voltage in volts, 
w = the energy in joules, 


q = the charge in coulombs. 
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Typical Voltage Magnitudes 





Voltage in volts (V) 


10° Lightning bolt 
108 High-voltage transmission lines 
Voltage on a TV picture tube 
10" Large industrial motors 
ac outlet plug in U.S. households 
102 
Car battery 
00 Voltage on integrated circuits 
4 Flashlight battery 
1072 
Voltage across human chest produced by the 
10-* heart (EKG) 
Voltage between two points on human scalp (EEG) 
10-6 
Antenna of a radio receiver 
10-8 
1010 
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Five Basic Circuit Elements 


Voltage Source (causes current flow) 
Current Source (causes current flow) 
Resistor (opposes current flow) 
Capacitor (stores energy in electric field) 


ee YS 


Inductor (opposes changes in current —i.e., its an AC resistor) 


Voltage Source 


+ve 
-ve electrode 
electrode uy. TF 


o\ 










Movement of ions in electrolyte 





Flow of electrons round outer circuit 
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Resistance 
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V Atom 


) Free electron 
# Collision 


Capacitor 









| NET POSITIVE CHARGE 
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a 


NET NEGATIVE CHARGE 


ie 


Inductor 









Pg 
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Electrical Power and Energy 


¢ Energy? 
¢ Ability to do work (e.g., kinetic energy, potential energy) 
¢ Electrical Energy 


¢ Usually in form of potential (voltage) and kinetic (current) energies related to 
charges 


¢ Power? 
¢ Rate of change of energy 


¢ Electrical Power 
¢ Rate of change of electrical energy 


Power 





The rate of change of (expending or absorbing) energy per unit 
time, measured in Watts (James Watt (1/36-1819) a Scottish 
inventor and mechanical engineer) 





_dW _ dW dq _ 
dtdg dt 
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Circuits: open, closed, short 


Poo 
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Circuits: Series vs Paralle| 


r¥i 7 fF ¥2 7 Node | 
ip Ky K> + ly 
RK, Vi YR R 





Node 2 


Elements that are in series carry the same current. _ | | gt | 
parallel elements have the same voltage 
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Current: DC vs AC 


* Direct current (DC) is a current that remains constant with time. 
* Alternating current (AC) is a current that varies sinusoidally with 
time. 





(ih) 
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DC various elements 


¢ How does each of these elements react when DC current passes 
through them? 
¢ Resistor 
¢ Inductor 
¢ Capacitor 


DC through Resistor 


Ohm's law > v LR, 


v = the voltage in volts, 
i = the current In amperes, 
R = the resistance in ohms. 


EE 202 - Electric Circuit Analysis / Dr. Naveed R. Butt @ Jouf 
University 





2/ 


DC through Inductor 


di L 


= "7. & a ) a 
dt _— 
[ 


v = the voltage in volts, 


For DC, v = O since current does not 


change!! (i.e. for DC, inductor behaves 
as a Short circuit) 


1 = the current In amperes, 





L = inductance in Henrys (H} 
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DC through Capacitor 


dv _ | | 
i1=—C—_—, “—1— C = capacitance in Farads (F) 
1 = 


—_ 
[ 
1 For DC, capacitor charges/discharges 
v(t) = =| idr + v(t). until no more current flows through it!! 
C , to (i.e. for DC, capacitor eventually 





behaves as an open circuit) 
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How to find power consumed by the 





+ 
> C 
i| veR L 
ene ¢ 
_ ie ie 
i l 
pa 
dl dv 
, el ,= = 
_ vu p a p= vi on 
Pp R- 
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Quick Revision | — Equivalent Resistance 


Series circuits in a Parallel Circuit 


Rog = Ry +R, +... +R, 1/R., = 1/R, + 1/R, +... + 1/R, 
2 3 4 


1 





1/R., = 1/100 +1/20 + 1/10 
1/Req = 0.10 + 0.50 + 10 = 1.60 
3kO + 10kO + 5kO = 18kO tom — 
Req = 18kO R.g =1/1.60 
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Quick Revision Il — Divider Rules 


Resistor (R,) 


+ 
- | Source VV 4 | : 
S Z 
Voltage (V.) VV Sooo 
\ a ( K+kK ) 
Resistor (R,) Output | Z 
eo 


/ 
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Quick Revision Il — Divider Rules 
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Quick Revision IIl— Loop & Branch Rules 


R, Ro Rs 
V> V3 OG 
Vi Vs 





Ve 
Rs 


Vi+Vo+V3+V4a+V5+V, =O 
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Examples 
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Questions’? Thoughts? 


- 


. 
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Current: DC vs AC 


* Direct current (DC) is a current that remains constant with time. 
¢ Alternating current (AC) is a current that varies sinusoidally with 
time. 





(ih) 
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AC: important parameters 


v= V,,Ccos(wt + ). 


w = 27rf 





; 1 
= 7 
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AC: Important parameters 


¢ Peak Value 
¢ Frequency 
e Phase 


° rms-value 
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AC: important parameters 


Peak Value 
¢ Frequency 


Phase 


* rms-value 





= 
5 
| 

a 


ils 


TI 
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AC: Important parameters 


Similarly, for sinusoidal current we have ... 


i(t) = I,, cos (wt + ) 


Lm 
lyms = V2 
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Practice Examples 
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Complex Number in Cartesian and Polar Form 


Cartesian form 7=a + Jb 


Polar form 7 = lz|eJ? 


| Iz| = Ja* + b4 
Cartesian 


to Polar b 
@ =tan-!— 
a 





Polar to a= IZ | cos 6 
Cartesian b = |z| sin@ 


CE JNY Cc | ARK ir fi ee i+ A iz, - 1, 1C ic / ran f ALI ARnKr D) Dsawtt GZ) 1. wt 
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Phasor Notation 


Note: phasor notation does not retain 


frequency information! 





V = V,,e)? = P{V,, cos (wt + )}. 


Ve? = VS +6 


e’’ = cosé+]/sin 8. 


cos@ = R{el*}. 
V = V,,cos@ + /V,, sin &. 


sind = fel}, 


sin(@ + 5) = +cos@ 
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Extracting Phasor trom Cartesian Form 


V=a+ Jb 


V4 — 9°+ pb using 
y= Vin COS @ + JVm Sin . 


Convert to polar 
form!! 


Dd 
g = tan C ) 


V=V,¢e!? : 


Multiplying Phasors 


V1 = Vin, e?2 
V> — Vine) ?2 
ViV2 = Vin, Yn, eJ(P1t2) 


— Vin, Yin, Z(P1 + 2) 


Adding Phasors 


V1 — Vin, ec? 
V> — Vine) ?2 


Vi +V2= Vin, CoS b1 + Vn, CoS 2 + j(Vin, Sin, + Vn, sin b2) 


Finally, extract phasor from this complex number (as described previously) 


Practice Examples 
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AC through various elements 


¢ How does each of these elements react when AC current passes 
through them? 
¢ Resistor 
¢ Inductor 
¢ Capacitor 


Vv — Li. Unified notation! 
| Z = Impedance 





AC througn Resistor owe 


——iee- 





When AC passes through resistor, the 
resulting voltage has same phase as 
Wat-melae=lale 
0, = Oj 
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AC through Inductor *~y~- 





V =JoLt. 
When AC passes through Inductor, 
the resulting voltage leads the 
0, = 0; + 90° current by 90 degrees. 
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AC through Capacitor +--+ 





joC ~ 
When AC passes through Capacitor, 
the resulting voltage lags behind the 
current by 90 degrees. 
0, — 0; = 90° 
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Unitied Notation 


Resistor: — = RI, 


Inductor: i JoLI. 


Z=JwLl 


1 
Capacitor: Y = — I, 7 = 1 7 i(— 
Jol jac wC 
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When dealing with DC we 


Resistance, Impedance, Reactance | 32 


when dealing with AC we 
need Impedance! ! 





Complex Form Real Part Imaginary Part 4—-#+ yx 


Impedance Resistance Reactance 


(Z) (R) (x) 





Resistors: have R but no X 





Capacitors and Inductors: have X but no R 


Units 


Resistance, Impedance, and 


Reactance are all measured in Ohms 


Ce, 
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Resistance, Impedance, Reactance 





TRA a= iXeteLelte alec 
Impedance | (real part of (imaginary part of 
Impedance) Impedance) 
Imaginary 

Resistor R R a | 
Inductor JoL — wL 
Capacitor : aa = 

JOC w 
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Combined Impedance (General Formula] 


¢ When we combine elements in different ways in circuits, we get 
different combined impedances (leading also to different overall 
phase shifts). General formulation is as follows. 


V = ZI where J = IZ |eJPzZ 


then 


Circuit 


V = |Z|L,, ec) Pit O2) 





Total (combined) impedance of the circuit 


Combined Impedance (example: RLC) 
V.=ZI 


V. — (Zp + Ly + Zc)l 


Vp in-phase Vi leads I , \ 
| | | Vin 
| | ) | 
! , = 

L C 7 

8 V.=(R+jol -j—)I 
=(R+jol —j 
S 
wl 


R 


V~=(R + j@l —j—A)d 
V~ = (R+X, — Xo) 


VR 
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Combined Impedance (example: RLC) 


V. — (R + JX, —]X-)I Converting part in parenthesis 
to polar form, with 
— IPz 
V~. IZ |e [ Z| = [R2 + (X, — X,-)? 
V. = |Zles$z1,,e/Fi = |Z|1,, ef bit bz) home 


Practice Examples 
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Z5 


Questions’? Thoughts? 


- 


. 
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Recall: DC > AC Z=R+4X 


Z = |Z\e!" 


DC AC 


ma ee V = ZL 





ni fi 
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Introducing: Complex Power (S) S=P+ iQ. 


S = |Sle!? 
DC AC 


s = apparent power _- — 
Real Numbers Complex Numbers S| = apr ; ver 






QO = reactive power 


P — average power 





S| = VP? + Q 
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Complex Conjugate oe 


= Jo 


[=Inelo = = Ine 


I and I*are complex conjugates of each other 


Five Powers S| = apparent power 






) = reactive power 


— 


P = average power 





Complex Power S Volt-Amps (va) 

Apparent Power [S| Volt-Amps (va) 

Average Power P Watts 

Reactive Power Q Volt-Amps-Reactive (var) 
Instantaneous Power p(t) orp Watts 


EE 202 - Electric Circuit Analysis / Dr. Naveed R. Butt @ Jouf 
University 


P = |S|cos@, 
O = |S|sin @. 


Power Factor Angle and Power Factor 


It can be shown that the angle @ in the power }S] = apparent power 
triangle is in fact equal to 6, — 6; QO = reactive power 








Power Factor Angle 


T/1O 


_ _ -1 
0 = @, — O; = tan Note that since Z = -, we can 
cos(6, — 6;) deduce that angle of impedance Z 
is the same as the power factor 
angle (i.e., Z and S have the same 
angle, 6,, — 6;) 


Power Factor 
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P = Average Power (can be calculated trom 
several formulas) 


— E22) if ) Vimt | 
pee oe p= 2 ~ Cos (6, — 9j), 





P = Vatglegg cos (8, — 6); 
tan(6,, — 0; ) — 7 efffeff (0, i) 


Ver f =Vrms and lor f= lems 
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Q = Reactive Power (can be calculated from 
several formulas) 


. a ae 
$= P+ JQ. QO = > Sin (Cee 


|}O 


tan(6,, = 0; ) — : O = Verleg sin (A, — 6;). 


Ver f =Vrms and lor f= lems 


7 e 
I< 


Cc > / > Cc | la’ pat h of (1 yn om + A im - |, Le co / r a \ OA IhKC m D D J] ad f ~~) iA 
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S = Complex Power (can be calculated from 
several formulas) 


S=P+/jo. 





2 
ef 


eff*eff- efffeff/ \Yv : S — [2 i -_ 
eff ae r: 








Ver f =Vrms and ler f= lems 
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1S| = Apparent Power (can be calculated from 
several formulas) 


S|] = ~/P* + Q2 SsS= |S|eJ Fv-8v) 


P = |S| cos(@, — 0;) Q = |S| sin(@, — 4;) 


p = Instantaneous Power (can be calculated 
from following formula] 


VXI WII 


Practice Examples 


EE 202 - Electric Circuit Analysis / Dr. Naveed R. Butt @ Jouf 
University 


iy 


Questions’? Thoughts? 


- 


. 
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Single-Phase Electricity Generation 


© Voltage 


Time 


North pole South pole 


load resistance 


PADMA DOMGLY COP DA YTEABGOT TALL 2 
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3-Phase Electricity Generation 


The Generator 
3-phase output 


—— Phase A —e— Phase FC —,— Phase 8 


More efficient in several ways 
compared to single-phase including 
transmission economy and constancy 


of power 


Neutral 





3-Pnase: Source vs Load 


3-Phase Transmission Line 


Le se _ se ee _ _ _ _ _  r r 





: - 
Three-phase | 
voltage ia 
source : E &Y 
= 1 a ie 1, 


ss es ee ee ee ee ee. ee ee ee ee ee ee nn ee ee en ee ee 
| 


3-Phase Generator 3-Phase Load 
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3-Phase: Balanced vs Imbalanced 


¢ Balanced 3-Phase is a set of three AC voltages that satisfy following 
conditions: 
¢ Equal maximum amplitudes V,, 
¢ Equal frequencies w 
¢ Each voltage exactly 120° out of phase with the other 


¢ Imbalanced 


¢ When any of the three conditions above fails V, =V,,2¢, 
V2 = VinZ(bq—120°) 
V3 = V,,2(¢,+120°) 


Balanced 3-Phase: only two possibilities If 4, =0 








V. | oe 0 . 3600 
Va — V im {9 , Why 120 ? Hint: 2 
¥,, Vi, _ a : P=. 
Vv. = 
Vp 
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Balanced 3-Phase: sum always zero 











Vv: 
7 Veal. 
‘a > = Vm / 120°, 
V.=V,,/7120°. 
Vi 
” - -. =e ; Why? 
Va + Vi + Vo = UV. Check algebraically and graphically! 
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3-Phase: Wye vs Delta 
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Wve: Line Voltage vs Phase Voltage 








ce ate) RelA 2k a “*tAAA ae / Ne AlayvsnnA D Diitt fn) Ir £ 
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Delta: Line Current vs Phase Current 
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Balanced 3-Phase Wye-Wye Circuit 





The entire circuit is balanced when 
the following four conditions are met 


Vaoln + Varn + Ven =O Balanced source 


Loa — Lop — Z 


ea Equal source impedances 


Z1, = Zp = Zic Equal line impedances 


La = Zp = Le. Equal load impedances 


Wvye-Wye: Voltages (load end} 


Phase Voltages Line Voltages 






Van = Vo ZO. 


‘—120', 





In general then: 


Ven = Vp 2(bq—120") Vap = (V3230° )Van 


Von = VgZ(bqt120°) 


Ce JN Cc | artrir firr it An- |, 1cic / mY es \ AYvV/QaQaQL R Riitt (rr) lait 
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Wvye-Wye: Currents 


In Wye-Wye, line current 


I.p = a and phase current are 
? the same thing 





Lig = fat “Zig + Lga =f/pt+ Zip + Lob =fet Zic + Loc: 
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Single-Phase Equivalent Circuit 


For analysis, we often extract a single- 
phase circuit from the 3-phase. 

Once we have found the parameters of 
this single-phase, parameters of other two 
phases can be deduced from them. 





fA) Init 
@ Jouft 


ZUZ - Electric Circuit Analysis / Dr. Naveed R. Butt WY 





Wvye-Delta: Currents (load end) 


Line Currents 
Phase Currents OO 
lap = ly ii La = Iap _ Tea = V314/ 30°" 





Inc = Ig /—120°, 





lbp = Ipc — Tap = V3I, /-150°, 








Loc = Tea — Ipc = V304 /90°. 


lap =!1¢2a 
Ipc = Ip Z(hq—120°) 





Ica — Ip Z(hq+120°) 
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Transformation: Delta > Wye 


For balanced case, we have: 
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Practice Examples 
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Average, Reactive, and Complex Power for 3- 
ohase Circuits 


Notes: 
1. All the given power formulas assume 


balanced 3-phase circuits 
2. All the given power formulas assume 
effective (rms) values of current and voltage 





Balanced Wye : Average (real) Power 


Same average power 


Pa = Pp = Po= Pg = Volycos Og, in each phase 


= 3P4 = 3Vgl4cos Og. Total Average Power 





Vs = |Vanl = |Venl = |Venl. 


Ts, = |Taal = [Iba] = [ecl. 


Pa = |Vanillaal cos (Oya — 9a), | | 
" | 64 = G4 — Fin = OR — Gin = Fac — Gic. 
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Balanced Wye : Average (real) Power 


Vv 
Pr = (Er [, COs Os Total Average Power 
ee in terms of line 
parameters 


= V3V_I, cos Os. 





EE 202 - Electric Circuit Analysis / Dr. Naveed R. Butt @ Jouf 
University 


Balanced Wye : Reactive Power 


0% —= Viol ob sin 4, 


Or = 304 = V3V{I, sin 94. 





EE 202 - Electric Circuit Analysis / Dr. Naveed R. Butt @ Jouf 
University 


Same reactive power 
in each phase 


Total Reactive Power 


Balanced Wye : Complex Power 


S% = ra |. iQ. — Vols Same complex power 


in each phase 


Sv = 35% — V3V 1 L / 64 Total Complex Power 
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Balanced Delta : Power equations same as for 
Wye 
Only difference now are the definitions of 


phase voltage, phase current, and power 
factor angle, as follows: 


[Vasl = |Vecl = |Vcal = Vo; 


asl = [Iecl = Weal = Jo: 





4B — GiaB = Fopc — Fipc = Pca — Fica = Fe. 


! UJ J { i { l SF { “3 | ( Jt J | ( f + | ] ad VS y / | J ) | \ av C 2=— U) + . Ly ( I ( | { OU } ( ) [ J 
EWU blcarye > | Jie | C 2 i . 
| it) 1\ fare 1 r\/ 
oF i l | VU Ol L y 


Practice Examples 


EE 202 - Electric Circuit Analysis / Dr. Naveed R. Butt @ Jouf 
University 


24 


Questions’? Thoughts? 


- 


. 





EE 202 - Electric Circuit Analysis / Dr. Naveed R. Butt @ Jouf University 





FE 202 
Electric Circuit Analysis 


with 
Dr. Naveed R. Butt 
@ 


Jouf University 


Circuit Analysis — mostly about v, l, p 


Circuit p= Ul 





What happens when circuit configuration 
changes? 


R i(t) 





i, (t) = bony U, a Ion )e7*/* 
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Circuits: First-Order vs Second-Order 


First-Order Second-Order 

- Only one storage element (one inductor or - Two storage elements (Inductors or 
one capacitor) —e.g., RL, RC Capacitors or mix) —e.g., RLC 

- Mathematically described by first-order - Mathematically described by second-order 
differential equations differential equations 

R L 
nue 
I(t) > Ve . R 1 G 
vit) (—~) i 





(b) (d) 
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Response: Natural vs Step 





Natural Response 


- Behavior of a circuit when no voltage (or current) 


source is present or is suddenly removed at t = 0 
- Circuit basically driven by initial conditions 





Response: Natural vs Step 


Step Response 


- Behavior of a circuit when a fixed voltage (or 
current) is applied from t = 0 








Graph of f(¢) = u(t), the unit step function. 
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Response: Transient vs Steady-State 


1.9 


Transient Response 


- Response immediately after the 
1 voltage (or current) source is applied 


Steady-State Response 


Voltage (V) 


- Response once the circuit has reached 
oS equilibrium 
- Typically a reasonable amount of time 
after source applied 


Cc * ft)’ *) _ | ~ Prey ’ rf {~~ ir cf ' a= A a, - i 1. /s/e ' co / y "a N ATK f D D j) See i ~~) ] rn, i £ 
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FOur Important Parameters to Consider 


Source Value Initial Condition 


- How much voltage (or current) is - How much voltage (or current) was already 


applied to the circuit at t = 0? there in the circuit just before switching ? 





- Denoted: Yor I, - Denoted: Vp or Ig 


i(0) = i(0") = Ip, 





FOur Important Parameters to Consider 


Steady-State Value 


- How much voltage (or current) is there in the steady-state (i.e. when a 


long time has passed) 


- Denoted: VY, orl, 





FOur Important Parameters to Consider 


Time Constant 


|S 


- A parameter used to find how quickly the 
circuit goes towards its steady state 


Denoted : T 0.63248 


Typically steady-state defined as response 
aftert >5T 





rreoeay7n’ _ | Aartrinr fireriit Ans | .IomIe / rye NN | \1fR AN D PR 
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tt TA) Init 
UTT (W@ JOUT 


RL Step Response - Current 


CO 


/ 


ay aon 
i(t) = + - (i — ein 





(0) = 10") = lu 
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RL Step Response - Voltage 


v = (Vy — [pRye 





(0) = 10") = lu 
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RL Step Response 


(7) 


> 
| 
— 


().63? _ 


0.368 V, 


— 
=~ 
[md 
= 
ty 
| 
t. 
= 
Cl 
S| 
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RC Step Response - Voltage 


/\ 





ee 
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vc = 1,R+(V,.—1,R)e’*©, t= 0. 


RC Step Response - Current 





ee 
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General Formulas (Natural & Step Response) 


Current through inductor in standard 
RL formation 


\ 


i, (t) — i T CU, Ione */* 


4 


Steady-state current 
through inductor 


L 
Time constant: T = ey 


Initial current through inductor 


General Formulas (Natural & Step Response) 


Voltage across capacitor in standard 


RC formation Time constant: T = RC 


v¢c(t) =o +(%—-VJe* 


oo 


Steady-state voltage 


Initial voltage across capacitor 
across Capacitor 


Practice Examples 
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Questions’? Thoughts? 


- 


. 
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Circuits: First-Order vs Second-Order 


First-Order Second-Order 
- Only one storage element (one inductor or - Two storage elements (Inductors or 
one capacitor) —e.g., RL, RC Capacitors or mix) —e.g., RLC 
- Mathematically described by first-order - Mathematically described by second-order 
differential equations differential equations 
R L 
oO i(t) a Ve ; s V. & | 
t) (~W) VSL 





(b) (d) 
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Problem — differential equations are hard!! 


Solution: 
We have a problem!! 


Higher-order circuits lead to higher-order 
differential equations 
To analyze such circuits we need to solve the higher- 


order differential equations 
But higher-order differential equations are generally 
hard to solve! 





Laplace 
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Laplace Transform — ~ whys 


differential equation 


t ¥t)+ay(t) = bewt) wth=aott) WO)=0 
at 


| Laplace transformation | tr aaa —_—_——_ 2 


i equation 


[sing _]-—_—» 


Y 


solution 


inverse inverse Laplace transformation tr inverse Laplace transformation ———_» 


v 


solution in time domain 


(s+ay¥is)=" 
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Key 


Laplace Transform converts 
differential equations 


(derivatives and integrals) into 
simple algebraic equations!! 





Laplace Transform: Calculus > Algebra 


yr 3y + Zy = u(t) 


Laplace 
transform 
4 
3 - 
eft+3ce+ = 


algebraic manipulation 


— | 
vl) —_ 9 eC f+ 2 EE 


L pat Laplace Transform converts 


aT 


differential equations 
(derivatives and integrals) into 
| | | | simple algebraic equations!! 


-3s°+2s 2s stl 2(s+2) 


nverse 
Laplace 
transform 
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Type 


(impulse) 
(step) 

(ramp) 
(exponential) 
(sine) 

(cosine) 
(damped ramp) 


(damped sine) 


(damped cosine) 


f(t) (f>0—) 
d(t) 
u(t) 


e " sin wt 


e ”" cos wt 











79 
Ss" + @w 


| 


(s + a) 


(s + a) 


5 
+ wr 


S++ a 


(s + a) + a 
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Key 


Formula tables exist for 


convenient use of Laplace 
Transform 





Notation 








Laplace Transforms of Derivatives and 











Integrals L{F(t)} = F(s) 
Time-Domain s-Domain (Laplace) 
aj) sF(s) — f(0”) 
dt 
[ feoas a 
0) Ss 
d’f(t) s"F(s) — (initial conditions) 
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Using Laplace — a simple example 





Given: ae a +5f(t)=0 And f(0-)=2 Find: =f) 
Solution: 
Laplace Formulas we use: 
sF(s) — f(0-) + 5F(s) = 0 
sF(s) —2+5F(s) =0 “4 fo ~ sF(s) — f(0) 
dt : : 


sF(s) +5F(s) =2 


(s+ 5)F(s) = 2 





2 
"OO =S45 


Using Laplace — a simple example 


eB Find: f(t) 


+f(t)=0 And f(0')=3 





Given: 


Solution: 
Laplace Formulas we use: 


2(sF(s) — f(0-)) + F(s) = 0 
2(sF(s) — 3) + F(s) =0 JdfM| 2. 2 
i - = sF(s) — f(0 ) 
2sF(s) —6+F(s) = 0 | 


2sF(s) + F(s) = 6 
(2s+1)F(s) = 6 
6 6 1 6 1 1 


F(s) = ——— = =———- = - X =-—x6™x 
2s+1 emo 2 2 2 s+1/2 








Lie @} = —— 








Laplace for Circuit Analysis 


¢ Electrical Quantities in Laplace 
¢ Voltage 
¢ Current 


¢ Basic Elements in Laplace 
¢ Resistor 
¢ Inductor 
¢ Capacitor 
¢ DC source connected at t = 0 
¢ AC source connected at t = 0 


¢ Some Second-Order Circuits in Laplace 


e RLC with DC source 
¢ RLC with AC source 


Laplace — Voltage and Current 


V=L{v} and J = Li} 


\ 


Unit: volt-seconds Unit: ampere-seconds 
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Laplace — Resistor 


Time Phasor Laplace 


V = Al, V=RI 
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Laplace — Inductor (with initial current I) 


a Time Phasor Laplace 


V = Jol. 
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Laplace — Capacitor (with initial voltage Vo) 


a Time Phasor Laplace 





Cc * ft)’ * _ | ~ Prey ’ f~ {~~ ir cf ' a= A va > i 1s/oe ' co / y va N AAIKRaKnfr D D i) See i ~~) ] an © | £ 
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Laplace — Impedances (assuming V, = 0,/, = 0) 


Ohm’s Law: 


Resistor: 


Inductor: 


Capacitor: 


Phasor 


Laplace 
V = ZI, 
Z—R 
Z=SL 
oe 1 

SC 


Laplace - Sources 


Laplace Form 


V, 

DC Voltage Source (connected at t = 0) Lac 
S 

DC Current Source (connected at t = 0) lac 
S 


AC Voltage Source (connected at t = 0) 


Vac = Vin COS(wt) 


AC Current Source (connected at t = 0) 





lac = lm cos(wt) 


Laplace — RLC Circuit with DC Source 





Analysis Task: Find 1, 


Time 
Assumptions: 
- DC current source 
connected at t = O 
- All initial conditions 
zero 
Laplace 
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Laplace — RLC Circuit with DC Source 
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K, K> Using “Partial Fraction 
I, = — + ——_—————_  *____ Decomposition” 
Tae/C Ls ° 5 + 32,000 — 724,000 P 


~ s2 + (1/RC)s + (1/LC) - 
=—s 

. — 

s + 32,000 + j24,000 
7 iste 
© s[s* + (1/RC)s + (1/LC)] bas ae on 
K, = ———_—_ — 274 X 10°. 

16 x 108 

- 384 x 10° 
~ (—32,000 + j24,000)( 748,000) By Inverse 


Laplace 
0° /126.87° 


_ 384 x 10° / 


— — . 
~~ s(s + 32,000 — j24,000)(s + 32,000 + 24,000) 


s(s* + 64,000s + 16 x 108) 





b K, 






ip, = [24 + 40e 770 cos (24,000t + 126.87°)]u(t)mA. 
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Laplace — RLC Circuit with AC Source 


lg = I,,cos at A, 








Im = 24 mA andw = 40,000 rad/s. 


Analysis Task: Find Ll, 


Assumptions: 

- AC current source 
connected at t = 0 
All initial conditions 
zero 


Time 


Sly 





Laplace l,=7 =. | 
Pe U2 ae 
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Laplace — RLC Circuit with AC Source 
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Remaining steps similar to DC case ... 


‘LSE ~ (2 + w)[s2 + (1/ROs + (1/LO)] 


384 x 10°s 


“(52 + 16 & 108)(s2 + 64,000s + 16 x 108) 


i; = (15sin 40,000¢ — 25e°--°""" sin 24,000r)u(t) mA. 
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Practice Examples 
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Questions’? Thoughts? 


- 


. 
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Flements: Active vs Passive 
ACTIVE PASSIVE 


Transistor es €) Resistor — |u| - —-\- 






: NM 

energy to the circuit | (net) energy to the 
LED ~ —p|- Thermistor Fa circuit 

Require external | an My, | 
Photodiode Oo iL Capacitor 4h 

power source to | 

operate Integrated a _ 
ra Kea Eo Inductor (050) 
Operational : > Switch 2 
Amplifier ¢ ( eae —o 





Seven Segment ae, A Variable 
Display — Resistor 


= = eee oa 
Battery + =| i|— Transformer ¢ Ae 
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Sensors: some interesting problems ... 


Operational Amplifiers (Op-Amps) 


¢ An electronic component 


¢ An active component 
¢ j.e. requires external power to operate and provides net energy to circuit 


¢ In its very basic form: a voltage “amplifying” device 
¢ We can also call it “a voltage-controlled voltage source” 


¢ Can perform several useful operations 
¢ Examples: voltage amplification, addition, subtraction, integration etc. 


¢ Becomes “operational” when: 
¢ We connect different elements (resistors, capacitors etc.) to its terminals 
¢ Configuration of these external elements decides which operation it performs 


Op-Amp: terminals and symbol 





Noninverting Positive power supply 
input 
. Output 
Inverting | 
—— ~ Negative power supply 
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Op-Amp: in a package 





EE 202 - Electric Circuit Analysis / Dr. Naveed R. Butt @ Jouf 
University 


Op-Amp: in a circuit 








OPERATIONAL —— —— 


AMPLIFIER DIODE 


TO MAIN 


SENSITIVITY ALARM 


ADJUSTMENT 


~WVEYON RESISTORS 
LDR 





BATTERY 


INFRARED 
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Terminal Variables: voltages and currents 





Common node 


Ideal Op-Amp Characteristics 


L Ft i = 0. Zero input currents 
1. Infinite input impedance x 
UV, = UV». 


Zero offset-voltage (Vv, — Vy) 
2. Zero output impedance 


3. Infinite gain (when open-loop) Pe Open-loop: without any feedback 
Gain: scale of amplification 


4. Infinite bandwidth 
Bandwidth: range of frequencies for which the op-amp works well 


Op-Amp: Ideal vs Realistic 





Input Impedance 00 Extremely High 10° — 10770 
Output Impedance 0 Extremely Low 10 — 100 2) 
Open-loop Gain (A) [ites Extremely High 10° — 108 

Bandwidth CO Works well for all frequencies within range of operation Varies by application 
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Op-Amp: Operating Ranges 





Uo 
= Positive saturation Common node 


_~ Linear region 


(—Vec/Ay/| Vec/A) (tp ~ 0») 


ree 7 ce 
Negative saturation 


— Vee A(Vp — Un) < —Vec. 
Vo = \ A(Up — Un) = — Veco = AWp — Un) = tVec. 
=F Vcc A(v p Un > +Vec. 
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Operation 1: Inverting Amplifier 





Upper limits —— 
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Inverting Amplifier in Open-Loop Setting 





Open-loop gain 
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Operation 2: Non-Inverting Amplifier 








Results also hold if this 
resistor not there. 
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Operation 3: Summing Amplifier 


R, 

we 
ar 
. Aad 
vv 
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Operation 4: Difference Amplifier 


n° R(R+ Ry? Ry 
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Operation 5: Voltage Follower (Buffer) 


, Vout =Vin, 
Vin 


L 
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Practice Examples 
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Two-Port Networks 





ty Ly I 
_ — a 
— 
— Output Vy s-domain 
N0r Nort ft Sa 
po! - circuit 
—_——_—_—_ — 
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Two-Port Networks 


, l, 
+ 7. 
‘ + domai "VW = eh + zh, 
circuit 2 
Vo = Zaity + 22/2: 
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Two-Port Networks 


Vy = Zh + 22h, _ 
Vo = Za) + Zp2A9: 
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Practice Examples 
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Find the z parameters for the circuit shown in Fig. 18.3. 


= 50, — 





Figure 18.3 & The circuit for Example 18.1. 


Solution 

The circuit 1s purely resistive, so the s-domain cir- 
cuit is also purely resistive. With port 2 open, that 1s, 
[, = 0, the resistance seen looking into port 1 1s the 
20 () resistor in parallel with the series combination 
of the 5 and 15 {) resistors. Therefore 





V, (20)(20) ae 
1] I 1,=0 A() 





When J, ts zero, V> Is 





ee i=(15) = = 0.75V,, 
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and therefore 








Vv. 0.75, 
zZ31 = Va += 7.50. 
lh l-0  V,/10 





When J, 1s zero, the resistance seen looking into 
port 2 1s the 15 (© resistor in parallel with the series 
combination of the 5 and 20 () resistors. Therefore 








Vo] _ (15)(25) 
i = 93575 1). 
~—— b|n=0 
When port | 1s open, /; 1s zero and the voltage 
Vi 1s 
Vi = <5 (20) = 0.8V3 
With port 1 open, the current into port 2 Is 
V; 
I, =~. 
9.375 
Hence 
Vi O.8V5 


£13 Lb ind = V3/9.375 = 75 {). 
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Step 1: Solve for J, = O 

















20 x 20 
Z11 = 20|| (15 + 5) = 20||20 = —77— = 100 
a Vy, = 4 = o7sy 
V, 15+5 “~ 20 2 4 
Vy 
I, =—=0.1V, 
£41 


0.75V, 
= = 7.50. 
V/10 
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Step 2: Solve for J, = O 

















Vy 
Zy = = 
2 hin-0 
15 x 25 
Z22 = 15|| (20 +5) = 15||25 = = 9.3750 
Vi 20 V> V2 
— V, = 0.8V. SS —— = 
V, 2045 : : * Z59—-9'.375 
Vy —  OBV, 
“2 'hly-0  V2/9375 — on 
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Step 3: Combine the results 


Vi = 24 + Z2!d. 


Vo = Zoyly + Zo: 


V; — 101, + 7 O15 
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Questions’? Thoughts? 


- 


. 
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